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INTRINSIC  AND  EXTRINSIC  PROPERTIES  OF 
FI8ER  OPTIC  SENSOR  MATERIALS 


I.  INTRODUCTION 

In  recent  years,  considerable  interest  has  been  focused  on  the 
development  of  a  second  generation  of  fiber  optic  materials.  This 
interest  has  been  sparked  by  the  prediction  that  heavy  metal  halide 
glasses  possess  intrinsic  transparencies  several  orders  of  magnitude 
greater  than  oxide  glasses  and  will  offer  the  promise  of  greatly 
increased  repeater  spacing  for  optical  communication  systems.  Of  a 
number  of  candidate  halide  glasses  having  high  intrinsic  optical 
transparency,  the  ZrF4-BaF2-LaF3-AtF3  glass  system,  modified  with  Li F  for 
increased  stability  and  with  PbF2  for  refractive  index  control,  has 
demonstrated  the  predicted  X”4  wavelength  dependent  scattering  loss.1 
Bulk  glasses  of  this  composition  have  demonstrated  extrapolated 
scattering  losses  of  2.7  x  10"3  dB/km  at  4  urn.  This  loss  value  is  about 
a  factor  of  2  higher  than  the  projected  theoretical  level. 

The  discovery  of  this  composition  was  a  necessary  first  step  in  the 
development  of  ultra-low  loss  fibers.  The  transition  from  a  bulk  glass 
having  an  ultra-low  extrapolated  scattering  loss  to  an  optical  fiber 
having  an  actual  absorption  loss  of  comparable  value  is  a  difficult  task, 
requiring  the  Identification  and  elimination  of  sources  of  extrinsic 
absorption  and  scattering  loss  in  the  raw  materials  and  glasses,  and  the 
development  of  processes  suitable  for  transforming  the  bulk  material  to 
the  fiber  form  without  significantly  Increasing  the  inherent  optical 
attenuation  of  the  glass. 


This  report  summarizes  the  progress  made  in  this  task  and 
specifically  focuses  on  three  areas  identified  as  essential  to  the 
development  of  ultra-low  loss  halide  glass  fibers. 

1.  Identification  and  elimination  of  extrlnislc  absorption 
and  scattering  losses. 

2.  High  quality  preform  preparation. 

3.  Loss  minimization  during  fiber  drawing. 

II.  RAW  MATERIAL  CHARACTERIZATION 

The  intrinsic  absorption  minimum  for  glasses  of  the  ZrF4  system 
occurs  in  the  3  to  4  ym  region.  This  region  of  maximum  transparency  lies 
at  the  intersection  of  the  wavelength  dependent  Rayleigh  scattering  loss 
curve  and  the  nultiphonon  absorption  edge.  A  number  of  chemical  species 
are  known  to  Increase  the  absorption  within  this  region  of  minimum  loss. 

The  first  is  comprised  of  the  di -valent  transition  elements  Cu,  Fe,  Ni, 

Co  which  have  been  shown  to  cause  absorption  losses  as  high  as  130  dB/km 
in  the  1  to  3  pm  region  when  present  in  halide  glasses  at  the  1  ppm  level.2 
The  second  group,  hydroxides  and  hydrates,  show  an  Intense  absorption  band 
centered  at  2.9  ym.  This  absorption  is  attributable  to  the  M-OH  stretching 
mode  and  Is  characteristic  of  metal  hydroxides  as  well  as  hydrates  and 
surface  absorbed  water.  A  third  group,  oxides,  do  not  absorb  within  this 
region  but  indirectly  Increase  absorption  by  causing  a  shift  in  the 
multi -phonon  edge  to  a  shorter  wavelength,  thus  forcing  the  minimum  up  the 
Rayleigh  scattering  loss  curve.  The  first  overtone  for  oxides  in  halide 
glasses  was  found  at  7.4  ym  for  samples  of  the  NRL  composition  spiked  with 


both  Zr02  and  1.3203. 3  Analytical  methods  have  been  developed  to  detect 
the  presence  of  these  sources  of  absorption  loss  in  the  raw  materials  and 
glasses  and  processes  have  been  developed  to  minimize  their 
concentrations. 

Sources  of  Transition  Element  Impurities 

A  systematic  quantitative  and  qualitative  analytical  study  using  a  DC 
Plasma  Spectrometer  (Beckman  Instruments,  Inc.)  has  been  conducted  to 
identify  the  sources  of  transition  element  impurities  in  the  bulk  glasses 
prepared  at  NRL.*  In-house  prepared  raw  materials  were  analyzed  for  each 
transition  element.  In  the  lanthanum  and  zirconium  fluoride,  Fe  was  found 
at  the  1  ppm  level  while  the  other  elements  were  present  at  approximately 
.1  ppm  each.  All  other  matrix  components  had  impurity  concentrations  at 
or  near  the  analytical  detection  limit  of  20  ppb.  Since  ZrF4  is  the  major 
constituent  at  -  50  mole  l,  it  is  the  major  source  of  transition  element 
Impurities.  A  thorough  analysis  of  each  step  in  the  preparation  of  this 
compound  indicated  that  the  source  of  the  iron  impurity  was  contaminated 
ZrOCt2*  Successive  recrystallizations  failed  to  decrease  the  Fe  content 
of  Zr0Ct2  after  the  first  recrystallization. 

The  use  of  high  purity  {<  5  ppb  Fe)  concentrated  HCz  did  not 
significantly  reduce  the  Fe  concentration  In  re-precipitated  Zr0C*2» 
indicating  that  Iron  is  probably  preferentially  absorbed  onto  or  occluded 
into  the  precipitate.  A  new  purification  technique,  selective  for  both  Fe 
and  Cu,  was  found  to  reduce  these  impurities  to  the  10-25  ppb  level  in 


3 


ZrOC*2‘  process  offers  an  alternative  and  substantially  Improved 

method  for  the  preparation  of  high  purity  ZrOC*2*  If  the  subsequent 
processing  steps  for  the  conversion  of  the  oxychloride  to  the  fluoride  do 
not  contaminate  the  material,  absorption  losses  due  to  iron  and  copper 
inpurities  in  the  glass  should  drop  to  below  the  1  dB/km  level  in  the  2  to 
3  um  wavelength  region. 

A  number  of  commercial  sources  of  ZrF4  (CERAC,  ALFA,  BOH,  RARE  EARTH 
METALLIC)  were  also  analyzed  and  total  transition  element  levels  ranged 
from  10  ppm  to  several  thousand  ppm.  It  is  apparent  that  no  commercial 
sources  of  higher  purity  than  NRL  prepared  materials  are  yet  available. 


Hydroxide  and  Hydrate  Contamination 

The  OH  vibrational  absorption  band  at  2.9  urn  is  the  single  most 
difficult  obstacle  to  attaining  ultra-low  loss  fibers  from  the  halide 
glass  system.  Differential  thermal  analysis  (OTA)  of  all  NRL-prepared 
starting  materials  reveals  that  ZrF4  and  BaF2  contain  significant 
amounts  of  water  bound  chemically  as  the  hydrate.  Further  study 
indicates  that  these  compounds  undergo  an  endothermic  reaction  as  they 
are  heated  indicating  either  dehydration  or  irreversible  chemical 
transformation.  If  the  latter  reaction  occurs  in  the  case  of  ZrF4, 
it  is  likely  that  hydroxides,  oxy -hydroxides,  and  oxyfluorides  are 
formed.  In  addition  to  the  presence  of  water  in  the  raw  materials,  a 
second  source  of  OH  contamination  has  been  identified  as  originating 
from  exposure  of  the  melted  glass  to  water  vapor.  This  can  occur  during 
melting  or  quenching. 


This  latter  observation  indicates  that  all  glass  processing  must  be 


performed  in  a  relatively  water-free  atmosphere  to  eliminate  OH 
contamination.  Two  processes  have  been  developed  to  reduce  OH 
contami nation  of  the  fluoride  glass.  The  first  involves  the  use  of  a 
reactive  atmosphere  designed  to  convert  hydroxides  to  fluorides  by 
the  presence  of  free  fluorine  generated  over  the  melted  glass  by  the 
decomposition  of  either  CF4  or  SF5.6  Using  this  method,  reprocessed 
glasses  having  bulk  OH  absorption  bands  <  2000  dB/km  have  been  prepared. 

A  second  process  using  an  inert  atmosphere  of  Argon  containing  less  than 
10  ppm  of  H2O  has  successfully  reduced  the  OH  band  to  <  1000  dB/km.  With 
both  processes,  the  ultimate  OH  level  may  be  determined  by  the  actual 
level  of  water  contamination  in  the  environment  in  which  the  glass  is 
processed. 

The  OH  absorption  band  intensities  given  for  both  processes  are 
upper  limits  determined  on  bulk  glasses.  More  precise  values  will  be 
available  when  absorption  spectra  for  fibers  prepared  from  glasses 
processed  using  these  OH  reducing  procedures  become  available. 

Several  other  RAP  systems  utilizing  CC&4,  Ig,  HF,  Br2  as  re active 
gases  were  studied  and  were  found  to  be  less  effective  in  reducing  OH 
absorption  than  the  CF4  and  SF6  processes.6 

Oxide  Impurities 

The  observed  oxide  induced  nultiphonon  edge  shift  has  been  found  to 
be  dependent  on  the  history  of  the  glass  sample. ^  Glasses  prepared  from 
raw  materials  processed  with  ammonium  bifluoride,  quenched,  and  then 
remelted,  tend  to  show  less  Intense  oxide  bands  when  spiked  with  1  wt  % 
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Zr02  or  La203  than  do  glasses  prepared  without  ammonium  bifluoride.  This 
observation  indicates  that  HF  is  retained  in  the  melt  and  successfully 
converts  the  added  oxides  to  fluorides  during  the  remelting  process.  It 

is  also  expected  that  oxides  and  hydroxides,  generated  from  the 

decomposition  of  hydrates  in  the  raw  materials  will  also  be  converted  to 

fluorides  by  the  RAP  process  described  above,  thus  reducing  the 

attenuation  increase  due  to  multiphonon  edge  shift. 

Sources  of  Extrinsic  Scattering  Losses 

A  major  factor  preventing  the  attainment  of  the  theoretical 
predicted  minimum  loss  is  the  presence  of  extrinsic  scattering  due  to  the 
formation  of  crystallites  in  bulk  glasses  and  preforms  prepared  by 
casting  techniques.  An  intensive  study  has  been  conducted  to 
characterize  a  number  of  these  crystallites  so  that  processing  and  minor 
compositional  changes  can  be  made  in  order  to  avoid  devitrification.7 

Optical  microscopy  with  transmitted  polarized  light  was  found  to  be 
the  most  useful  technique  for  rapid  characterization  of  the  degree  of 
crystallization  and  identification  of  the  crystal  habit.  Micro  x-ray 
diffraction  analysis  coupled  with  x-ray  fluorescent  analysis  has 
successfully  been  used  to  identify  a  commonly  found  cubic  crystal  as  AZF3 
while  two  other  different  crystal  morphologies  have  been  identified  as 
LaF3.  These  observations  indicate  that  a  minor  reduction  in  the  AtF3  and 
LaF3  content  of  the  glasses  may  be  needed  in  order  to  prevent  devitrifi¬ 
cation. 

Two  additional  sources  of  extrinsic  scattering  have  been  identified. 
Melts  exposed  to  water  vapor  during  quenching  tend  to  yield  glasses 
having  a  lower  glass  stability.  Oxides  added  to  stable  glass  melts 


likewise  cause  devitrification  at  concentrations  as  low  as  .2  wt  %.  The 
additional  scattering  from  both  sources  may  originate  from  oxyfluoride 
formation.  The  processes  for  the  reduction  in  scattering  arising  from 
these  sources  have  been  discussed  in  detail  in  previous  sections. 

III.  PREFORM  PREPARATION  METHODS 

Achieving  successful  waveguide  structure  is  dependent  on  the 
development  of  compatible  core  and  clad  glasses  as  well  as  configuring 
these  glasses  as  a  cylindrical  preform  with  a  high  degree  of 
concentricity.  The  configuration  process  can  be  accomplished  in  a 
variety  of  ways.  However,  the  most  satisfactory  method  reported  to  date 

O 

is  a  rotational  casting  technique  developed  at  NRL  in  1982.  This 
process  represents  a  substantial  advance  in  the  state-of-the-art  of 
preform  fabrication  for  fluoride  glasses. 

In  this  innovative  process,  a  molten  cladding  glass  is  poured  into  a 
heated  metal  mold  which  is  spun  horizontally  and  gradually  cooled  until  a 
fluoride  glass  tube  is  formed.  Tubes  prepared  in  this  manner  are  found 
to  be  extremely  uniform  over  the  entire  length  of  the  sample.  Core  glass 
can  then  either  be  poured  into  the  hollow  tube  or  drawn  into  it  under 
a  vacuum.  The  result  is  an  extremely  high  quality  preform.  The 
mechanical  apparatus  used  for  mold  rotation  is  a  modified  lathe  capable 
of  generating  5000  rpm  within  a  few  seconds  and  which  can  fit  into  the 
controlled  atmosphere  glove  box,  thus  allowing  preform  fabrication  in  an 
Inert,  water-free  atmosphere. 

Additionally,  a  vapor  phase  approach,  termed  reactive  vapor 
transport  process  (RVT),  has  been  investigated  for  preform  preparation.® 


♦ 


Refractive  index  profiles  obtained  from  preforms  prepared  via  this  novel 
technique  indicates  that  both  nultimode  graded-index  and  monomode 
fluoride  fiber  waveguides  can  be  readily  prepared. 

IV.  MINIMIZATION  OF  INDUCED  OR AWING  LOSS 

Total  optical  loss  of  drawn  fibers  is  the  sum  of  intrinsic 
scattering  loss,  drawing-induced  losses,  and  extrinsic  absorption  and 
scattering  losses  associated  with  material  impurity  levels,  glass 
processing,  core-clad  interface  imperfections,  etc.  The  minimizati  ^f 
drawing-induced  losses  requires  that  parameters  such  as  preform  fee 
rate,  fiber  take-up  rate,  drawing  temperature  control,  and  hot-zom 
length  be  optimized.  To  evaluate  drawing  loss,  a  number  of  preform,  ere 
prepared  by  polishing  rods  cut  from  non-cast  glasses,  rods  cast  in  a  gold 
coated  mold  and  glass  cladded  preforms  prepared  by  the  rotational  casting 
process.  Preliminary  draws  indicated  that  samples  not  cladded  with 
teflon  FEP  tended  to  crystallize  at  the  rod  neck -down  and  yielded 
exceptionally  (>  10000  dS/km)  lossy  fibers.  The  cause  for  this 
crystallization  is  thought  to  be  due  to  either  water  vapor  induced 
nucleation  or  nucleation  initiated  by  the  mechanical  stresses  of  glass 
expansion  and  contraction  as  the  glass  passes  thru  the  hot-zone  region. 

In  addition,  a  hot -zone  greater  than  5  to  7  mm  in  length  generally  caused 
high  induced  scattering.  A  furnace  redesign  allowing  for  atmosphere 
controlled  RF  heating  at  the  neck -down  is  being  implemented.^ 

Using  a  reduced  hot  zone  length  (5  to  7  mm)  with  an  optimum  drawing 
temperature  of  303°C  at  a  drawing  speed  of  5  m/min,  fibers  of  315  urn 
overall  diameter  were  obtained  from  an  FEP  cladded  highly  polished 
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fluoride  glass  rod  of  13  mm  diameter.  Scattering  loss  measurements  for 
these  fibers  verified  Rayleigh  behavior.  The  extrapolated  Rayleigh 
scattering  loss  was  determined  to  be  .012  dB/km  at  4  urn.  A  wavelength 
independent  scattering  off-set  of  5.08  dB/km,  due  mainly  to  core-clad 
interface  defects  and  due  partly  to  higher-order  cladding  and  leaky 

modes,  was  characteristic  of  the  fibers  drawn  from  that  particular 

.  1 1 
preform. 

Loss  measurements  of  fibers  drawn  from  similarly  prepared  rods 
showed  bulk  scattering  losses  only  several  times  higher  than  the  Rayleigh 
scattering  loss  of  the  bulk  rod.  These  results  indicate  that  even  with  a 
rather  long  hot  zone  and  an  uncontrolled  atmosphere  at  the  neck -down, 
drawing  induced  scattering  is  exceptionally  low.  Further  reductions 
in  induced  scattering  can  be  expected  with  use  of  the  RF  drawing 
furnace. 

V.  CONCLUSIONS 

—  •  The  major  sources  of  extrinsic  absorption  and  scattering  losses  in 

f luorozi rconate  glasses  and  fibers  have  been  identified.  The  origin  of 
transition  element  impurities  has  been  determined  and  a  new  separation 
process  for  their  removal  has  been  developed.  A  new  reactive  atmosphere 
process  for  reducing  anion  impurities  is  currently  in  use.  Hydroxide 
contamination  from  atmospheric  water  has  been  recognized  and  glass 
processing  and  rod  casting  is  being  conducted  in  a  specially  designed 
atmosphere  controlled  glovebox.  A  recent  modification  will  allow  for  the 
rotational  casting  of  preforms  within  the  glove  box.  Two  processes 
suitable  for  preparing  nultimode  preforms  have  been  developed.  Their  . 
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-  applicability  for  single  mode  preform  essential  for  long  length 
repeaterless  data  transmission,  appears  promising.  The  extent  of  drawing 
induced  scattering  loss  has  been  determined  and  its  reduction  can  be 
expected  with  the  use  cf  atmosphere  controlled  RF  furnace. 

Continued  reduction  in  total  extrinsic  loss  can  be  expected  as  these 
techniques  and  processes  are  totally  integrated  into  the  low  loss  fiber 
program.  /" 
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PREPARATION  OF  HEAVY  METAL  FLUORIDE  GLASS  OPTICAL  FIBERS 

(A  New  Approach) 

0.  C.  Tran,  M.  J.  Burk  and  G.  H.  Sigel,  Jr. 

Naval  Research  Laboratory 
Washington,  DC  20375 

A  vapor  phase  approach,  termed  reactive  vapor  transport  process  (RVT), 
was  investigated  for  the  fabrication  of  fluoride  glass  optical  fibers.  The 
refractive  index  profiles,  obtained  from  preforms  prepared  via  the  novel 
technique,  indicate  that  both  multimode  graded-index  and  monomode  fluoride 
glass  fiber  waveguides  can  be  readily  prepared. 

The  only  method  for  making  fluoride  glass  fibers  known  to  date  is  to  cast 
the  fluoride  glass  melts. The  casting  process  appears  to  be  limited  to 
step-index  fibers.  In  addition,  careful  examination  of  our  cast  preforms  of 
substantial  lengths  (>  6  in)  generally  revealed  density  variations  in  the  core 
and  microcrystal  1 ites  at  the  core-clad  interface.  These  scattering  defects 
have  resulted  in  wavelength-independent  fiber  losses  ranging  from  5  dB/km* 
to  several  hundred  dB/km.  To  avoid  casting  the  melts,  a  reactive  vapor  or 
mixture  of  vapors  originated  from  low  vapor  pressure  metal  halides  or  from 
halogenated  gases,  were  carried  inside  a  fluoride  glass  tube.  Witn  proper 
control  of  processing  parameters  such  as  temperature,  time,  and  reactive  vapor 
concentration,  substantial  amounts  of  chlorine,  bromine,  or  iodine  ions  were 
exchanged  and  incorporated  into  the  fluoride  glass  structure,  thus  raising  the 
refractive  index  and  forming  a  core  region.  A  cross-section  of  a  fluoride 
glass  tube  preform  is  shown  In  Fig.  1. 

The  difference  in  refractive  indices  An  ■  [nf  -  n(b)3  is  plotted  against 
b  in  Fig.  2,  where  n^  represents  the  measured  index  at  the  inner  wall  of  the 
tube  and  b  is  the  overall  tube  wall  thickness.  The  parabolic  index  profile 
suggests  a  diffusion  controlled  process.  'The  index  difference  of  Fig.  2 


corresponds  to  a  N.A.  of  only  0.045.  However,  in  separate  RVT  experiments,  it 
was  demonstrated  that  N.A.  >  0.1  and  c  (core  wall  thickness  of  Fig.  1)  >  3  cm 
can  be  achieved.  Optical  characteriation  of  the  core  glass  revealed  a  slight 
shift  of  the  IR  edge  toward  longer  wavelengths,  an  appearance  of  two  IR 
reflectivity  bands  at  around  549  cm"1  and  478  cm"1,  and  a  substantial  decrease 
in  the  OH  absorption  band  with  respect  to  the  cladding  glass.  All  of  these 
are  attributed  to  the  presence  of  C*. ,  Br,  or  I  in  the  core  glass  structure. 
There  was  no  microcrystals  present  at  the  core-clad  interface. 

In  summary,  a  new  fluoride  glass  fiber  manufacturing  process  using 
reactive  vapors  was  developed  to  suppress  the  extrinsic  scattering  loss 
generally  observed  in  our  substantial 1y  long  cast  preforms.  In  addition,  the 
new  approach  allows  (1)  the  modeling  of  the  refractive  index  profile  by 
varying  the  processing  condition!,  (2)  the  preparation  of  fluoride  glass 
preforms  having  a  very  small  core,  (3)  the  prevention  of  OH  contamination 
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since  reactive  vapors  are  used,  and  (4)  the  prevention  of  contamination  from 
dirt  particles  since  it  is  an  inside  process. 
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Figure  Captions 


Figure  1 
Figure  2 


Cross-section  of  a  fluoride  glass  tube  preform. 

Index  profile  of  a  fluoride  glass  tube  preform 
[an  *  nj-n(b),  where  n^  «  n(0  um)  *  1.5090] 
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TRACE  IMPURITY  ANALYSIS  OF  FLUORIDE  GLASSES  AND  MATERIALS 


C.  F.  Fisher,  P.  Nordquist,  and  D.  C.  Tran 
Naval  Research  Laboratory 
Washington,  DC  20375 

A  number  of  selected  instrumental  techniques  applicable  for  the 
qualitative  and  quantitative  analysis  of  transition  and  rare  earth  element 
impurities  at  the  ppb  to  ppm  concentration  levels  in  raw  materials  and  final 
glasses  is  discussed.  Chemical  problems  associated  with  reagent  impurities, 
material  solution,  matrix-impurity  separation  and  impurity  reconcentration  are 
outlined.  Preliminary  results  for  analysis  by  O.C.  plasma  spectro-photometry 
of  selected  transition  and  rare  earth  elements  in  glasses,  in  raw  materials 
from  various  commercial  sources,  and  in  laboratory  prepared  materials  purified 
by  sublimation  and  solution  recr^stal 1 i zation  are  presented. 

Transition  metal  impurities  at  the  1  ppm  level  in  fluoride  glasses  have 
been  shown  to  cause  extrinsic  absorption  losses  as  high  as  130  dB/km  in  the 
1  to  3  u  region. 1  The  presence  of  impurities  at  this  concentration  level  in 
fibers  is  evident  in  the  loss  spectra  of  a  recently  reported  fiber  drawn  at 
NRL  which  had  an  absorption  loss  in  the  same  wavelength  region  of  from  50  to 
100  dB/km. 2  Future  progress  in  reducing  the  total  attenuation  loss  of  fluoride 
glass  fibers  is  very  likely  to  be  dependent  upon  the  elimination  of  the 
sources  of  these  impurities.  The  task  of  identification,  quantification  and 
elimination  requires  the  judicious  choice  of  a  suitable  analytical  instrument 
and  the  development  of  analytical  techniques  capable  of  providing  data 
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routinely  at  the  sub-ppm  level.  Of  the  various  instruments  available,  DC 
plasma  spectrometry  offers  a  number  of  advantages  over  other  methods  such  as 
ICP,  atomic  absorption,  mass  spectra  and  uv-visible  spectrometers .  Employing 
this  analytical  method,  we  have  evaluated  th^  purity  of  a  number  of  commercial 
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sources  of  fluoride  glass  reagents  and  several  in-house  purified  materials. 

Commercial  sources  of  ZrF4,  a  major  component  of  the  NR l  glass 
composition,  ranged  in  impurity  levels  from  several  thousand  ppm  to  10  ppm. 


Iron  was  generally  found  at  an  order  of  magnitude  greater  than  the 
concentration  of  Cu,  Co  or  Ni .  No  commercial  source  having  1  ppm  or  less  of 
iron  was  found  for  this  material.  Lanthanum  oxide  from  two  sources  had  iron 
concentrations  at  the  1  ppm  level.  Barium  carbonate,  lithium  carbonate  and 
aluminum  oxide  —  reagents,  from  which  fluorides  can  be  readily  prepared  — 
showed  impurity  levels  at  less  than  a  few  hundred  ppm. 

These  data  indicate  that  the  major  source  of  transition  element 
impurities  in  fluoride  glasses  of  the  NRL  composition  prepared  from 
commercially  available  reagents  originate  with  the  ZrF4  component. 
Purification  by  multiple  sublimations  of  this  reagent  can  reduce  the  Fe 
impurity  content  to  the  5-10  ppm  level. 
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FLUORIDE  GLASS  FIBERS  WITH  ULTRA-LOW  INTRINSIC  LOSSES 


D.  C.  TRAN,  C.  F.  FISHER.  K.  H.  LEVIN,  R.  J.  GINTHER, 

AND  G.  H.  SIGEL,  JR. 
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WASHINGTON,  DC  20375 
(202)767-3487 

Abstract 

Recent  advances  In  ultra-low  attenuation  waveguides  are 
reported  including  development  of  stable  fluoride  glasses, 
efficient  removal  of  OH  ions,  fabrication  of  large,  uniform 
preforms  and  kilometer  length  fibers,  and  reduction  of  light 
scattering  to  near  intrinsic  levels. 
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FLUORIDE  GLASS  FIBERS  WITH  ULTRA-LOW  INTRINSIC  LOSSES 

0.  C.  TRAN,  C.  F.  FISHER,  K.  H.  LEVIN,  R.  J.  GINTHER, 

AND  G.  H.  SIGEL,  JR. 

NAVAL  RESEARCH  LABORATORY,  CODE  6570 
WASHINGTON,  DC  20375 
(202)767-3487 

Recent  advances  in  the  area  of  non-silica  based  IR  fiber 
waveguides  have  led  toward  the  emergence  of  mul  ti -component  ZrF4 
based  glass  fibers  as  leading  candidates  for  ultra-low  loss  fiber 
appl Icatlons. ^ This  paper  will  summarize  the  very  significant 
technical  progress  we  have  made  recently  towards  achieving  the 
projected  ultimate  minimum  loss  of  IG-3  dB/km  in  fluoride  glass 
fibers.  This  includes  the  selection  of  stable,  compatible, 
core-claddl ng  fluoride  glass  compositions,  the  implementation  of  a 
rotational  casting  technl  quet  f  or  uniform  preform  preparation,  the 
substantial  reduction  of  scattering  losses  to  Intrinsic  Rayleigh 
scattering  in  bulk  glass  rods  as  well  as  in  fibers,  and  the 
elimination  of  OH  absorption  by  the  melting  of  glasses  in  reactive 
atmospheres . 

Flu'irlde  glass  compositions  investigated  were  fundamentally 
three-component  ZrF4-BaF2-LaF3  systems  but  doped  with  L1F  and/or 
Pbfj* to  Improve  glass  stability  and  vi scos 1 ty-temperature 
characteristics  which  are  essential  for  fiber  drawing.  The 
addition  of  LiF  and  Pbp2  largely  Increases  the  working  range  by  > 

1 3 • C  and  decreases  the  activation  energy  for  viscous  flow  to  as 
low  as  88  kcal/mole.  The  selected  core-clad  compositions  also 
provide  compatible  expansion  coefficients  for  preform  fabrication 
and  a  high  fiber  numerical  aperture  of  0.2. 

The  rotational  casting  approach  allows  the  preparation  of  a 
lo,ng- length  concentric  fluoride-glass  cladding  tube  with  precise 
control  of  the  Inner  diameter.  Fluoride  glass  preforms  having 
controlled  core/clad  ratios  can  be  obtained  by  casting  the  core 
melt  Into  the  tube,  or  alternatively,  a  rod  and  tube  process  can 
be  applied.3 
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Direct  measurements  of  light  scattering  losses  in  ZrF4  based 
glasses  as  well  as  in  fibers  have  verified  that  light  scattering  in 
highly  stable  fluoride  glasses  and  fibers  obeys  the  explicit  a-4 
Rayleigh  behavior.  The  data  project  to  an  ultra-low  minimum  of 
0.0027  dB/km  and  0.01  dB/km,  at  4  urn,  for  a  51.53  ZrF4  -  20.47  BaF2 
-  5.27  LaF3  -  3.24  A AF3  -  19.49  LI F  bulk  glass  and  a  51  ZrF4  - 
16  BaF2  -  5  LaF3  -  3  AiF3  -  20  LIP  -  5  PbF2  teflon-cladded 
fiber,  respectively  --  see  Figures  1  and  2. 

Substantial  progress  was  also  obtained  in  the  reduction  of  OH 
absorption  in  fluoride  bulk  glasses  and  fibers.  Using  an  SFg 
reactive  atmosphere  during  melting,  bulk  OH  content  has  been 
reduced  to  an  estimated  attenuation  level  of  less  than  several 
hundred  dB/km  at  2.9  um,*  the  peak  of  the  OH  fundamental 
absorption. 

In  summary,  this  paper  reports  for  the  first  time  the 
reduction  of  scattering  losses  to  virtually  intrinsic  levels  in 
zirconium  fluoride -based  glasses.  In  addition,  OH  levels  have  been 
dramatically  lowered  by  reactive  melting  in  SFg  atmospheres.  The 
combination  of  highly  stable  glass  compositions,  puri f i ca t i on ,  and 
recently  developed  rotational  preform  casting  techniques  have 
permitted  the  fabrication  of  low  loss  fluoride  glass  fibers  in 
lengths  approaching  1  km. 
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Figure 
Fig.  1 

Fig.  2 
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Captions 

Scattering  loss  spectrum  for  a  51.53  Zr?4  - 

20.47  BaF2  -  5.27  LaF3  -  3.24  A1F3  -  19.49  LI F  glass. 

Scattering  loss  spectrum  for  a  51  ZrF4  -  16  BaF2  - 
5  LaF3  -  3  At F3  -  20  UF  -  5  PbF2  teflon-cladded 
fiber.  The  3  dB/km  off-set  is  mainly  due  to 
interface  scattering  defects. 
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Minimization  of  OH  absorption  and  scattering 
losses  in  zirconium  fluoride  glasses 
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CHARACTERIZATION  OF  CRYSTALS  IN 
FLUOROZIRCONATE  GLASSES 


G.  La,  C.  F.  Fisher,  M.  J.  Burk  and  D.  C.  Tran 
Naval  Research  Laboratory 
Washington,  D.C.  20375 

Extrinsic  scattering  due  to  the  formation  of  crystallites 
is  one  of  the  factors  which  has  prevented  the  theoretically  pre¬ 
dicted  minimum  loss  from  being  attained  in  fluoride  optical  fibers. 
It  is  important  to  characterize  these  crystallites  so  that  the 
processing  parameters  can  be  modified  to  avoid  devitrification.  For 
optical  fiber  research,  it  is  more  important  to  identify  the  first 
crystals  which  appear  in  the  glass,  rather  than  to  simply  charac¬ 
terize  the  final  crystallization  products  in  a  mostly  or  totally 
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crystallized  sample.  Even  extemely  low  levels  of  crystallization 

such  as  V  <  10  10 ,  where  V  is  the  volume  fraction  crystallized, 

c 

cannot  be  tolerated  in  ultra-low  loss  optical  fibers. 

‘In  this  study,  the  degree  of  crystallization  of  the  ZrF4-BaF- 
LiF-AlF3~LaF3  glass  composition  ranged  from  Vcci 10-6  to  less  than 
10  The  crystallites  were  analyzed  by  optical  microscopy,  micro 

X-ray  diffraction,  and  SEM.  Optical  microscopy  with  transmitted 
polarized  light  was  found  to  be  the  most  useful  technique  for  rapid 
characterization  of  the  degree  of  crystallization  and  identification 
of  the  crystal  habit.  The  electron  image  mode  from  the  SEM  was  not 
found  to  be  useful  for  such  a  low  degree  of  crystallization.  With¬ 
out  careful  preparation,  there  was  virtually  no  chance  that  a 
crystal  could  be  found  on  the  surface  of  the  sample. 


The  analysis  of  fluorescent  X-rays  from  the  SEM  was  also  found  to  be 
of  limited  value  since  lithium  could  not  be  detected#  the  lanthanum 
peaks  were  usually  masked  by  the  barium  peaks#  and  the  aluminum  peak 
was  partially  masked  by  the  large  zirconium  peak.  Micro  X-ray  dif¬ 
fraction  was  found  to  be  the  most  useful  technique  for  identifying 
the  crystalline  phase.  Particles  as  small  as  a  few  microns  could  be 
analyzed  in  a  specially  prepared  X-ray  diffractometer. 

Many  different  crystallization  products  were  observed  to  form 
from  the  same  glass  -composition#  depending  on  the  processing  condi¬ 
tions.  Several  of  the  common  ones  were  analyzed  in  more  detail. 

The  cubic  particle  in  Figure  1  was  identified  by  micro  X-ray 
diffraction  as  AIF3#  while  the  hexagonal  platelet  in  Figure  2  was 
identified  as  LaF3 .  The  results  are  also  consistent  with  SEM/EDAX 
analyses  on  isolated  crystals  and  with  birefringences  reported  in 
the  literature. 

Although  many  different  crystals  were  observed  over  the  course 
of  thfe  investigation#  there  were  usually  only  one  or  two  morpho¬ 
logies  present  in  a  given  sample.  These  well-formed  crystals  grew 
during  quenching  and  were  not  undissolved  batch.  Such  monitoring  of 
the  crystallization  products  can  show  whether  the  high-temperature 
melting  process  has  been  sufficient  to  dissolve  all  crystals  and 
whether  the  quenching  rate  is  sufficiently  high  to  prevent  signifi¬ 
cant  recrystallization. 

The  scattering  coefficient  of  these  crystals  was  calculated  for 
a  wavelength  of  4  microns.  It  was  assumed  that  the  crystals  were 


spherical  in  shape.  For  relative  refractive  indices  of  m  ■  0.9  or 
m  -  l.l,  it  was  found  that  the  scattering  coefficient  increased  as 
r2  (where  r  is  the  radius)  over  the  range  of  particle  sizes  r  -  0.5 
microns  to  r  ■  5  microns.  For  small  particles*  the  scattering  coef¬ 
ficient  was  relatively  independent  of  refractive  index.  For  larger 
particles,  the  scattering  coefficient  increased  dramatically  when 
m  <  0.9  or  m  >  1.1. 

This  study  has  found  optical  microscopy  to  be  the  most  powerful 
tool  in  characterizing  the  state  of  crystallization  of  a  glass  suit¬ 
able  for  optical  fibers.  With  this  knowledge  of  the  crystallite 
size,  number  and  morphology,  the  processing  conditions  can  be  modi¬ 
fied  to  minimize  crystallization. 
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light  tcenenet  lorn  in  fluoride  bulk  gleeeee  ■  indeed  Rayleigh 

m  character. <}  utd  in  addition  CM  be  reduced  lo  ee  ultri-low  Results  end  ducuutom  Under  e  visible  incident  leeet  benm. 


mimnurm  of  2  7  «  10'  •  dg/km  el  4  tm.'  Scattering  loner  in 
fluonde  glees  (bran  on  Ike  other  bend,  have  not  yet  been 
measured  directly,  bet  knee  been  merely  surname  (ram  totel 
fibre  lorn  spectra.'-*  These  tetimalm  cm  be  rometimer  erron¬ 
eous  trace  impurity  absorption  bands  may  easily  distort  the 
results,  la  addition,  all  fluoride  fibre  scattering  lorn  data 
reported  to  dam  are  substantially  higher  lima  ia  silica-based 
fibres.1*  sad  do  not  (blow  the  capital  I'*  Itsyteigh  depen¬ 
dence  bur  very  only  as  the  inverse  square  of  the  wavelength.' 
This  latter  type  of  scattering  wee  attributed  to  fibre  inhomogt- 
nettles  wham  aim  is  comparable  to  the  wavelength  of  light.'  (a 
ihe  present  study,  the  direct  mamersmtat  of  scattering  loasse 
as  a  function  of  wavelength  was  carried  out  for  the  first  time 
m  fluoride  glam  fibres  using  an  integrating  sphere.  Further¬ 
more.  the  present  invest Jgstroo  has  verified  (or  ihe  first  lime 
■he  intrinsic  Rayleigh  behaviour  of  fight  scattering  in  fiuoride 
glass  fibres,  and  has  prelected  M  ultra-low  Rayleigh  scattering 
loss  of  at  least  0-012  dB/Vm  at  4  pm. 

Prtparanon  of  fhtandt  glass  /f fives  Fluoride  glass  fibres  were 
prepared  from  the  highly  stable  Zrf4-BaF:  LaFJ  LiF 
4IF,PbF,  glam  system'  using  the  batching  and  melting  pro¬ 
cedure  described  earlier  1  ’  The  (luondc  melts  were  cast  into 
moulds  to  form  glass  rods.  10  cm  long  and  I  cm  in  diameter, 
having  a  refractive  indes  of  I  525.  The  rods  were  then  coated 
wnh  Teflon  FEP  and  drawn  info  (brat  using  a  resistance 
furnace  The  drawing  temperature  was  set  at  JOJ’C  and  the 
drawing  speed  was  maintained  at  5  m/min.  The  fibres 
obtained  were  generally  40  m  long.  315  pm  in  overall  diameter 
tnd  10  (ini  in  polymer  cladding  thickness 


Fig.  I  luefiv  jrwnrtne  esprvmmsf  m-up 


Oirrri  wrwnwrwrw  of fibn  scattering  fosses  Samples  of  fluo¬ 
ride  glam  fibre,  each  |  m  long,  were  randomly  selected  from  a 
40  m-loeg  fibre  (or  testing  The  experimental  set-up  lor  light 
-altering  eiemiifiiaut  it  shown  in  Fig.  I.  Incident  light  from 
cither  an  Argon-ion.  Hc-Nc  or  Nd:  YAG  laser  was  chopped 
and  launched  through  e  pinhole,  end  wee  then  focused  onto 
■he  Tefinu-ried  fiuoride  glam  ftbre  with  a  10  *  microscope 
objective  (launch  NA -OIL  Padding  modes  were  suppressed 
by  using  S-thaped  mode  strippers  tad  Mack  strips  of  doth 
saturated  with  iadee  matching  oiL  The  scattered  light  was  col¬ 
lected  utiag  m  tmegrasmg  sphere  measuring  7  cm  ia  diemetar 
and  ponteming  a  hfioce  photodiode  detector  Index  matching 
liquid  droplete  ware  pieced  on  the  fibre  within  ihe  iphere  to 
remove  My  tattered  tight  trapped  in  the  dadding,  so  that  ii 
would  alee  be  iarhedsd  m  Ihe  meaeuramcai  To  shmmatt  Ihe 
light  scattered  tad  tellacMd  back  from  the  detector  end  of  the 
fibre,  the  output  end  of  the  fibre  wee  terminated  in  indes- 
matching  oil  during  the  memuoemem.  The  light  signal 
detected  from  the  integrating  sphere  passed  through  *  low- 
muse  praamphfier  end  into  a  lock-in  amphfier  The  -cellaring 


ihe  light  scattered  from  the  Teflon-dad  fluoride  flats  fibre 
samples  appeared  ritually  identical  to  that  of  low  does  silica 
fibres,  namely  dim  and  homogeneous  throughout  the  ftbre 
The  fibre  spectral  scattering  lota  dale  an  plot  tad  m  Fig.  2.  A 
least-squares  fit  to  the  results  initiates  that  the  loss  cm  he 
espressed  u 

x.  (dB/kml  -  3  16/a*  +  5  OH  (2| 

where  3  16/2*  (dB/kml  represents  the  Rayleigh  scattering  loss 
contribution  which  projects  to  0012  dB/Vm  at  4  um,  and 
where  S-OB  dB/km  represents  the  wavriength-indcpcndcni 
sattenng  off-set  which  u  due  mainly  lo  core-dad  interface 
defects  and  partly  lo  high -order  dadding  and  leaky  modes 


wavelength  pm 

104  0433  04K  MM  0X72  Otic 


Fig.  3  Fihrr  ypnlrol  sruilmnu  low  for  ,i  Zr/ t-8af 
LoF  oAtFf-LrF-PhF .  T efforts  lad  ntrrr 

Scattering  loss  measurement  was  also  earned  out  lor  a  Auor 
ide  glass  rod.  before  il  was  covered  with  Teflon  and  drawn 
into  fibres,  using  an  experimental  set-up  described  earlier.'  As 
shown  in  Fig.  2,  a  bulk  scattering  lorn  of  7  dB/km  was 
obtained  at  0-6321  um.  which  is  about  three  times  lower  than 
Ihe  ffayteigh  scattering  lorn  observed  in  Ihe  drawn  fibre.  The 
data  suggest  the  formation  of  fibre  drawing  induced  sattenng 
centres  whose  size  is  smeller  than  the  wavelength  of  light 
Such  centra  may  originate  at  the  core-dad  boundary  from 
surface  roughness  of  the  mechanically  polished  glam  rod. 
and/or  made  the  bulk  of  the  fibre  itself  became  of  the  imposed 
drawing  conditions,  such  M  temperature  end  feed  rue.  Opt' 
miulion  of  drawing  conditions  should  result  m  the  further 
reduction  of  fibre  tattering  losses  towards  the  bulk  glass 


Cooehuomr  In  summary,  the  present  study  has  vended  loi 
the  first  time  the  Rayleigh  character  of  light  scattering  kisses 
in  fluoride  glass  fihrex.  In  addition  the  spectral  Rayleigh 
sattenng-km  data  obtained  for  a  Teflon -vied  fluoride  gins, 
fibre,  prepared  from  a  highly  -table  ZrF, -hosed  gleas  system 
project  to  an  ultra-low  loss  of  at  teen  0  012  dB  km  at  4  ion 
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FLUORIDE  GLASS  PREFORM!  PREPARED 
BY  A  ROTATIONAL  CASTING  PROCESS 


/adexM*  mm;  OpdodJdmmMehde  §hm 


Introduction:  Simon  the  diaoovery  of  ZrF4-beaed  gkas  in  I97S.1 
the  rruearrh  and  d&odbpm nt  is  fluoride  glass  optical  fibres 
has  beaa  growing  at  a  rapid  rale.  I  oaf  I— pH  undid  fibres 
can  be  ptapared  using  the  angle  crucible  method  or  the  cast- 
rod  approach,1-'  tad  TuBon  dadded  fibres  cu  be  obtained 
from  the  rod-TeAoo  FEP  tube  technique.*  To  date,  fluorak- 
glam  d added  fibres  ham  only  been  mnnsarfiiHy  prepared  from 
proforma  fabricated  by  stowing  the  ceatral  part  of  the  dad- 
ding  melt  ta  a  mould  to  flow  out  sad  by  casting  the  core  inch 
into  the  tube  thus  obtained.7-"  Preform*  fabricated  Croat  this 
casting  pro  earn  typically  display  an  undesirable  tapering  of 
core  and  cladding  danenmoas  along  the  length  of  the  cast  tube 
assembly  In  this  letter,  we  report  a  now  approach  for  pre- 
panitg  all  fluoride  glace  fibres  from  preforms  having  high 
radial  and  longitudinal  ujufornuty  and  selectively  controlled 
core/dad  ratios,  la  addition,  this  new  method  allows  upscal¬ 
ing  to  large-sise  preforms  while  maintaining  them  desired  p re¬ 
form  diracnsioiial  characteristics 

TeMe  (  CORE  AND  CLADDING  FLUORIDE 


GLASS  COMPOSITIONS 


Glass 

composition 

ZrF. 

B.F, 

UF,  AIF, 

UF  PbF, 

mote  *»• 

f 

5J 

19 

5  3 

20 

ii 

51  3 

17 

5  3 

20  3-7 

hi 

51 

16 

5  3 

20  5 

T.M.  I  FLUORIDE  GLASS  PHYSICAL 

PROPERTIES 

Glass 

compositions 

T« 

T« 

3 

n(st  0  63  A«m) 

1 

c 

275 

•c 

337 

-C"  «  10'* 

1-41(45-253*0 

1  512 

II 

254 

345 

1  517 

III 

257 

360 

1  34(45- 195eC) 

1  525 

Method.  The  core  and  cladding  glass  compositions  and  corre¬ 
sponding  glass  transition  temperature  (TgX  crystallisation 
temperature  (TxL  expansion  coefficient  (sL  end  refractive 
index  (ft)  ere  listed  in  Tables  1  and  Z  Fibre  preform t  were 
prepared  from  paired  compositions  I  and  II.  II  and  lit.  and  1 
and  III;  the  lest  combination  yielded  the  highest  numencai 
aperture  of  0-1  The  fluoride  glass  samples  were  melted  using 
technical  grade  fluorides  in  capped  platinum  crucibles  under 
an  argon  atmoephace  at  I50*C  for  60  min.  A  schematic  dia¬ 
gram  of  the  nearly  developed  rotational  casting  process  for 
fluoride  glass  preforms  is  illustrated  in  Fig.  I.  The  dadding 


thick  new  along  the  entire  length  of  the  tube,  and  no  bubblm 
were  observed.  Alternatively,  such  a  fluoride  glam  tubing  can 
be  prepared  by  melting  dimly  ta  the  rotating  mould  followed 
by  a  rapid  quench  to  Tg  and  a  final  annealing  step.  The  core 
glass  was  neat  transferred  to  the  tube  either  by  pouring  the 
melt  down  a  fluoride  glam  bait  rod  or  by  dipping  the  tube  into 
the  core  mail  in  order  to  avoid  bubble  formation  A  cross* 
sectional  photograph  of  a  preform  thus  prepared  is  shown  in 
Fig.  1  A  preform  step- index  profile  obtained  from  e  York 
Technology  Model  P101  Preform  Analyser  n  illustrated  in 
Fig  3. 

Fluoride  glem-riaddert  preforms  were  drawn  into  fibres 
using  s  resistance  ting  furnace  with  a  localised  heat  zone 
shout  7  mm  long.  The  drawing  speed  was  around  40  m/mw 
sod  the  drawing  temperature  was  set  at  315  ±  5*C.  Long- 
length  fluoride  glam  fibres  of  core  diameters  and  dadding 
thicknesses  ranging  from  70-130  fan  and  from  10-30  fan,  re¬ 
spectively,  were  actually  prepared.  The  optical  lorn  in  these 
fibres  was  presently  as  high  as  6  dB/m  at  3  6  fan  due  to  water, 
metal  impurities  in  the  technical  grade  fluoride  raw  materials, 
and  drawing  induced  scancrmg  defects.  The  impurity  con¬ 
centration  of  the  glam  in  ppm,  determined  with  a  Spectra- 
Matties  DC  Argon  Plasma  Spectra-Span  IIIB  is  F<0-6L 
CdfrSSL  Eud-«2L  Sid082L  C*39)  and  Tb«  0  5)  Fibre 
tosses  are  expected  to  improve  dramatically  with  proper  con¬ 
trol  of  fibre  drawing  parameters,  and  with  the  use  of  high- 
purity  starting  materials  and  controlled  atmospheric  melting 
and  drawing.  For  the  most  part  the  purpose  of  the  work 
reported  here  was  lo  develop  end  demonstrate  the  new  pre¬ 
form  fabrication  process. 


Flf.  2  Crms-ttrtKmsJ  pKotoproph  of  a  preform  of  compomums  I 
III 

Core  diameter  »  7  mm.  dsddmg  thick ncu  ^  2)  mm 
NA  •  0-2 


•lass  melt  wee  poured  into  a  6  in-tong  gold-coated  cylindrical 
mould  preheated  at  around  Tg  and  was  then  rotated  with  an 
Ernco  Romped  3  lathe  st  speeds  2  3000  rev/mtn.  A  highly 
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Fig  3  Stop  index  profile  of  a  preform  i*  composntom  II  and  III 
Core  diameter  -  106  mm.  dadding  thick  nm  -(P 
NA  -0-156,  index  of  reference  ml  %  (  tpl 
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(  ihm  Iiwhw  It  tuu  been  demonstrated  that  the  rotational  tas 
nnf  process  can  be  employed  to  prepare  fluoride  (lass  (ihre 
preforms  having  a  uniform  and  controlled  core  clad  ratio  The 
new  technique  permits  for  the  first  time  the  preparation  ol 
large  fluoride  flass  preforms  essential  for  the  future  fabrication 
•*f  long  distance  repeaterless  dats  links 
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